Abstract-This paper describes the high-frequency characterizations of a vertical electro-absorption modulator (EAM) to ensure its monolithic integration onto a VCSEL for data communications. Splitting the emitting and the modulating parts is an attractive approach compared to directly current-modulated VCSEL since it releases the intrinsic limitations due to carriers dynamics that occurs in such VCSEL device. It is, in this aim, utmost to thoroughly characterize and understand the properties and performances of the vertically integrated EAM under high frequency operation, as it will be decisive for the application of EAM-VCSEL to very high data-rate communications. EAM measurements, presented up to 40 GHz, require a precise control of the optical fiber coupling and a precise evaluation of the injection losses over the full frequency range.
I. INTRODUCTION
Nowadays, Vertical-Cavity Surface-Emitting Lasers (VCSELs) raise great awareness for their applications in numerous markets from the optical mouse to the 3D sensing, but primarily to extend the capacity of optical communications within datacenters, with a great concern on power consumption limitation. Indeed, VCSELs bring many advantages compared to edge emitters such as high density integration capabilities and easy coupling in optical fiber, making them ideal as light sources for very high frequency and high capacity optical datalinks. The direct modulation approach has been recently extensively developed and improved through many design strategies, but the physical limitation due to carriers dynamics poses a physical barrier. Therefore it is necessary to move forward to another solution to overcome this fundamental issue. For example, splitting of the emitting/gain and the modulating sections has already been proposed by several groups by combining an electro-optic modulator and a VC-SEL, laterally [1] or within a vertical integration scheme. In this last configuration two solutions are possible. The first one is by modulating the refractive index of the top mirror (Distributed Bragg Reflector, DBR), and so the reflective spectrum via an electric field [2] . In that case both cavities are coupled which allows very high bandwidth at the expense of an important chirp and a low transmission data rate. The second one, based on the absorption modulation by quantumconfined Stark effect, in which both optical cavities are weakly coupled, has already reached high frequency bandwidth with regulated temperature [3] . In this project, we focus on this last approach with the vertical integration of an electro-absorption modulator (EAM) onto a CW powered VCSEL. The highfrequency modulation performance relies then only on the modulator itself, independently of the VCSEL light source. The effectiveness of this integrated EAM-VCSEL scheme has already been demonstrated by static measurements with achievable modulation depth of 40 % at a 4V reverse bias [4] .
In this paper, we focus on the characterization of the high-frequency electro-optic response of the modulator, by measuring its top reflectivity by fiber butt-coupling and using an external laser source. After a short description of the EAM structure and functioning, two measurement setups intended for bandwidth characterization are compared: one with a vector network analyzer (VNA) and the other one with a frequency synthesizer and a spectrum analyzer. For higher measurement accuracy, specially at high frequencies, the response of the implemented InGaAs photodiode has been measured by heterodyne beat at 850 nm and 1550 nm and compared with supplier data. Results are finally presented and described while considering all the electrical losses across the injection chain and including the photodiode response.
II. DEVICES DESCRIPTION
The schematic of the global EAM-VCSEL device is represented in Fig. 1 . The sample was processed for high-frequency operation and was planarized by using BCB to decrease parasitic capacitances. A microstrip line access is used to bring the radio-frequency (RF) signal to EAM terminals.
The EAM part of the device is a composed of a multiple quantum wells cavity sandwiched between two DBR to increase the absorption in the active region, as described in [4] . The maximum modulation depth is obtained at 838 nm With the characterization setups described below, the proper operation of the modulator is verified for different V EAM values and illuminating wavelengths.
III. DEVICE CHARACTERIZATION
A dedicated electro-optical characterization setup has been developed to vertically inject and detect light through a single-mode Y fiber coupler on top of modulator surface. The incident monochromatic light is supplied by a tunable laser source (TLS). The reflected EAM-modulated signal is measured using a high-speed photodiode as seen in Fig. 2 . The TLS is a Superlum BS-840-1 (820-840 nm, linedwidth = 0.06 nm) and the employed InGaAs Discovery DSC20H-39 photodiode displays a cut-off frequency of 32 GHz at 1550 nm. The RF injection is either carried out by a VNA source or by a distinct RF synthesizer as described in the next subsections. Finally, the −3 dB cut-off frequency of the device is obtained by normalizing the photodetected EAM response under RF voltage excitation with the response obtained at the lowest frequency voltage. 
A. VNA implementation
The first implementation is displayed in Fig. 2a . An Agilent PNA-X 67 GHz VNA is used to extract EAM response. Since the signal level retrieved by the photodiode is too low due to several cumulative factors (EAM reflectivity, fiber misalignment and photodiode responsivity in the near-infrared range), a power amplifier (PA) featuring a maximum ouptut power of +24 dBm has been inserted between VNA and EAM RF input. The port 2 is connected to the EAM through this PA, a bias Tee, a coaxial cable and a Cascade Infinity 40 GHz coplanar on-wafer RF probe. Any change in EAM reflectivity is measured by the photodiode and sent to the port 1. The EAM bandwidth is extracted from the measured transmission parameter S 12 and the PA-limited 0.01-18 GHz frequency range is covered in one sweep by the VNA.
1) Preliminary results:
The first set of measurements is plotted in Fig. 3 . As we can see in red, green and black, any modification in the EAM bias voltage V EAM and TLS wavelength changes the S 12 magnitude observed on the VNA. These results clearly indicate that a modulation effect takes place within the EAM section of the device, thus demonstrating an effective electro-absorption modulation effect at such frequencies. It is interesting to note that the slope observed between 1 GHz and 18 GHz remains unchanged whatever the voltage and wavelength values.
Jointly, we have measured the electrical losses in the "PA + bias tee + cable" response, in black at the top in Fig. 3 . This result confirms that the slope seen in all S 12 curves is strongly related to the RF signal injection losses. If these losses are subtracted from the raw transmission measurements, a very flat response from the EAM is observed all over the 1-18 GHz frequency range (blue curve). 
2) Limitations:
This result shows that we are especially limited by the PA bandwidth and by the losses within the test bench between VNA and EAM device. One solution to overcome these limitations should be to change the available power set at the input of the EAM for each frequency point. Unfortunately such an option is usually not available in VNAs.
B. RF synthesizer and spectrum analyzer
In this subsection we present the second measurement setup we have developed, which mainly consists in replacing the VNA by an RF synthesizer (Anritsu MG 3694B) coupled with a spectrum analyzer (Fieldfox N9951 A from Keysight) at the photodiode output. This second version of the measurement bench is shown in Fig. 2b . The most important improvements brought by this new configuration are the nearly constant power delivered by this RF synthesizer all over the 40 GHz bandwidth as well as the pre-amplifier integrated within the spectrum analyzer which increases the electrical signal level issued by the photodiode.
1) Calibration:
We have gained a valuable experience with previous measurements and we now know that the losses calibration is the key point of the setup. Firstly, the output power of the synthesizer, set to a value of +15 dBm, is verified by using a powermeter (Anritsu ML 2437A). This measurement value, plotted in Fig. 4 (black curve) , presents a delta of 0.9 dB in the 1-40 GHz frequency range. The insertion of the bias tee and cable system lowers the available power by a maximum value of 3.5 dB in the same frequency range (blue curve). These losses have to be compensated to extract a more realistic EAM response. Fig. 4 . Power calibration of the RF synthesizer set to +15 dBm alone (black curve) and with the system "bias tee + cable" (blue curve).
2) Preliminary results:
Previous results are used to adjust the power delivered by the RF synthesizer so as to provide a constant value of +15 dBm at the input of the RF probe connected to EAM pads. Several measurements carried on various EAM (diameters from 18 to 27 µm) integrated alones or onto VCSELs have revealed that the VCSEL cavity has no influence on EAM response. But whatever the tested configuration, a constant −5 dB/dec slope is still observed all over the measured frequency range. However, since the cutoff frequency is linked to the capacitance of the device and thus to its mesa diameter, we should have observed different slopes for each tested diameter. The absence of difference clearly indicates that this observed slope cannot be traced to the low-pass nature of EAM devices. RF probes, EAM pad and microstrip access line contribution to the overall insertion losses have been neglected since it does not exceed 1 dB at 40 GHz. It cannot explain this −5 dB/dec slope too.
3) Losses compensation: As already stated before, the EAM RF input presents a very high impedance. All the measurement chain starting from RF source up to the RF probe tips is loaded by an impedance approaching an open circuit at the lowest frequencies. This impedance decreases with increasing frequencies but still remains much larger than 50 Ω at 40 GHz. The determination of the EAM response based on the measurement of the available power cannot be satisfactory due to this frequency varying impedance mismatch. Since the EAM is fundamentally voltage-driven, a more natural approach is to use the applied voltage magnitude to recover its frequency response. This voltage can be assessed knowing the available power of the RF source, the scattering matrix of the test setup, and the EAM impedance. This problem is illustrated in Fig.5 . The RF source is modeled by a Thevenin generator V g followed by its internal resistance R g = 50 Ω = R 0 . The test setup comprising the bias tee, the cable and the RF probe is depicted by the two-port network and its scattering matrix. Finally, V L is the voltage across the EAM input impedance. Let Γ L , Γ g and Γ in be the reflection coefficients displayed by the EAM, the RF source and the two-port network input, respectively.
The signal flow graph technique [6] is used to find the relationship between voltage V L and V g , using the two-port scattering parameters, Γ L , Γ g and Γ in :
V g is deduced from the available power measured across R 0 which is also the input impedance of the powermeter:
In practice, the complete two-port scattering matrix cannot be easily measured because of the different nature of input (SMA cable) and output (RF probe tips) terminals of this box. However, this passive network is reciprocal, so S 12 = S 21 . S ij parameters are extracted from measurements carried out using a SHORT or an OPEN circuit at RF probe ends while S 11 = S 22 are assumed to be zero, which is not too far from reality. Using this assumption, |V L | becomes
With this last equation, we are now able to link the EAM voltage to the available power measured at the RF source output. The idea is now to calculate the power we need to set so as to maintain a constant voltage at EAM pads all over the studied frequency range.
C. Photodiode characterization and results
The last thing to validate in the electro-optical setup is the photodiode frequency response at 850 nm. In previous measurements we dealt with the supplier data given at 1550 nm but the response may be different at 850 nm. Hence, the photodiode response has been measured by using an heterodyne beating technique at 850 nm and and also at 1550 nm to compare the results with the supplier data.
For 1550 nm measurement, we used an InGaAs DFB at 1537.2 nm regulated by an IXL Ligthwave LDC-3722 B at 22.9
• C and biased at 70.1 mA to deliver −3 dBm in the photodiode under test. The used tunable laser is a Santec TSL-510 and is conveyed to the photodiode through a polarization maintaining coupler. At 850 nm, the stationary laser is a homemade laser formed with a LED and a Cavity Resonator Integrated Grating Filter (CRIGF) [5] which filters a precise wavelength, here 854 nm. The LED is biased at 52 mA, 1.7 V and is maintained at 20
• C to maintain single mode operation. The other laser is a Vantage TLB7100 from Newfocus. For both measurements, the photodiode response is sent in a Rohde & Schwarz spectrum analyzer and is extracted from 20 Hz up to 40 GHz. For each wavelength, we acquired ten spectra and did an average to decrease the uncertainty due to the vibration or air flow in the room.
The results are presented in Fig. 6 . At 1550 nm, the same response than supplier data is obtained which makes us confident with the result displayed at 850 nm. As we can see, the photodiode response at 850 nm is really different from the one at 1550nm. This new characteristic is used to improve the measurement precision of the modulator cut-off frequency. We then measured a 27 µm-diameter EAM at 838 nm with a bias offset of 3 V and a RF signal amplitude of 0.8 V at the EAM pad plane. The signal detected by the InGaAs photodiode is presented in Fig. 7 . The effects of the photodiode responses compensation are displayed. As shown in Fig. 7 , the cut-off frequency of the EAM is evaluated up to more than 23 GHz, instead of around 15 GHz when considering the photodiode supplier characteristics at 1550 nm. The EAM high frequency response could not be further characterized above 23 GHz, since the photodiode responsivity drops drastically.
IV. CONCLUSION
In this paper we present different setups for the electrooptical characterization of a vertical EAM. First, with a VNA but this characterization turns out to be limited by the frequency range of the power amplifier used to measure the modulated signal. And secondly, we proposed an original setup involving a RF synthesizer along with a spectrum analyzer to extend the measurement frequency range up to 40 GHz. This setup finally appears limited by the photodiode responsivity. Thanks to these improvements, we are able to measure a cut-off frequency above 23 GHz for this vertical GaAsbased asymmetric Fabry-Perot electro-absorption modulator. This result can be compared with the 20 GHz modulation demonstrated in [3] which employs a similar approach. To our knowledge, this result is the best achieved modulation bandwidth for this type of architecture, compatible with the monolithic integration onto a VCSEL source.
